Abstract In a mathematical model of the urine concentrating mechanism of the inner medulla of the rat kidney, a nonlinear optimization technique was used to estimate parameter sets that maximize the urine-to-plasma osmolality ratio (U/P ) while maintaining the urine flow rate within a plausible physiologic range. The model, which used a central core formulation, represented loops of Henle turning at all levels of the inner medulla and a composite collecting duct (CD). The parameters varied were: water flow and urea concentration in tubular fluid entering the descending thin limbs and the composite CD at the outer-inner medullary boundary; scaling factors for the number of loops of Henle and CDs as a function of medullary depth; location and increase rate of the urea permeability profile along the CD; and a scaling factor for the maximum rate of NaCl transport from the CD. The optimization algorithm sought to maximize a quantity E that equaled U/P minus a penalty function for insufficient urine flow. Maxima of E were sought by changing parameter values in the direction in parameter space in which E increased. The algorithm attained a maximum E that increased urine osmolality and inner medullary concentrating capability by 37.5% and 80.2%, respectively, above base-case values; the corresponding urine flow rate and the concentrations of NaCl and urea were all within or near reported experimental ranges. Our results predict that urine osmolality is particularly sensitive to three parameters: the urea concentration in tubular fluid entering the CD at the outer-inner medullary boundary, the location and increase rate of the urea permeability profile along the CD, and the rate of decrease of the CD population (and thus of CD surface area) along the cortico-medullary axis.
Introduction
Most mammals can produce a urine that is substantially more concentrated than blood plasma (Beuchat, 1996) . The excretion of such a urine, which is said to be hypertonic, allows a mammal to maintain a nearly constant blood plasma osmolality when water consumption is reduced. Hypertonic urine is produced by the urine concentrating mechanism (UCM), which is localized in the renal medulla. In most mammals, the renal medulla has two sections: an outer medulla (OM) and an inner medulla (IM). When a mammal is producing concentrated urine, an increasing osmolality gradient is maintained in all tubules and vessels along the cortico-medullary axis of the OM by means of active NaCl transport from specialized renal tubules (viz., thick ascending limbs, TALs) and by means of a countercurrent configuration of renal tubules and blood vessels. Along the corticomedullary axis of the IM, an additional gradient, larger than that in the OM, is generated when highly concentrated urine is needed. The IM gradient also appears to depend on a countercurrent configuration of tubules and vessels, but other details of the IM concentrating mechanism remain controversial: decades of sustained experimental and theoretical effort have failed to definitively identify the source of the IM gradient (Layton, 2002; Sands and Layton, 2007; Stephenson, 1992) . However, it is generally accepted that in both the OM and the IM, water is absorbed from the collecting duct (CD) system, in excess of the absorption of solutes, thereby concentrating the CD tubular fluid, which passes from the papillary tip of the IM as hypertonic urine.
Mathematical models of the UCM typically involve a large number of parameters; these parameters are needed to characterize the morphological and transport properties of renal tubules and vessels. The values of some of these parameters exhibit substantial variability or are based on experimental techniques that introduce uncertainty; some parameters have not been measured at all. To assess the impact of parameter variability, parameters may be identified that result in model predictions that meet specified criteria. The aim of the present study was to conduct a model optimization study, for parameter values within reasonable ranges, on a published model of the UCM in the IM of the rat kidney (Layton et al., 2004) .
As we have previously noted (Marcano-Velázquez and Layton, 2003; Marcano et al., 2006) , one can distinguish between those model studies on the UCM that have sought to investigate sensitivity to parameters by varying one parameter at a time (e.g., Layton et al., 2000 Layton et al., , 2004 Layton and Layton, 2005b; Wexler et al., 1991) , and those that have incorporated algorithms that allow multiple parameters to vary simultaneously in an attempt to optimize a measure of model performance (e.g., Breinbauer, 1988; Breinbauer and Lory, 1991; Kim and Tewarson, 1996; Tewarson, 1993a , 1993b , and Tewarson and Marcano, 1997 . In the present study, as in our studies of the avian UCM (Marcano-Velázquez and Layton, 2003; Marcano et al., 2006) , we applied the latter approach, because it allows one to identify the synergistic, and perhaps nonlinear effects of interacting parameters, which an organism may be able to adjust and coordinate to meet its functional objectives. In the avian kidney, where only one solute, NaCl, is believed to play a fundamental role in the UCM, concentrating capability is modest relative to that in most mammals, and the principles of the UCM are believed to be well understood (Layton et al., 2000) . However, in the mammalian kidney, two solutes, NaCl and urea, may be essential for the UCM, and fundamental aspects of the mechanism remain
